Optimization of primer sequences for polymerase chain reaction (PCR) and quantitative PCR (qPCR) and reaction conditions remains an experimental challenge. We have developed a resource, PrimerBank, which contains primers that can be used for PCR and qPCR under stringent and allele-invariant amplification conditions. A distinguishing feature of PrimerBank is the experimental validation of primer pairs covering most known mouse genes. Here, we describe a major update of PrimerBank that includes the design of new primers covering 17 076 and 18 086 genes for the human and mouse species, respectively. As a result of this update, PrimerBank contains 497 156 primers (an increase of 62% from the previous version) that cover 36 928 human and mouse genes, corresponding to around 94% of all known protein-coding gene sequences. An updated algorithm based on our previous approach was used to design new primers using current genomic information available from the
INTRODUCTION
The quantitative polymerase chain reaction (qPCR) technique, also known as real-time PCR, was developed in the early 1990s and subsequently improved or modified by a large number of groups (1, 2) . Both probe-(allele-)specific as well as allele-non-specific technologies have been described. Real-time PCR is routinely employed for gene expression quantification, and has been widely used for the confirmation of results from high-throughput experiments such as DNA microarray expression profile studies or transcript abundance measurements by next-generation sequencing. Often the role of qPCR is to validate expression changes of selected genes showing profiles of interest in an initial genome-wide survey (3, 4) . However, with the appropriate design strategy, qPCR can also be performed in parallel for thousands of genes in a genome-wide fashion. Real-time PCR has several major advantages over DNA microarrays, the most important being a large dynamic range, high sensitivity and high specificity (5, 6) . Historically, a significant obstacle to genome-wide PCR had been the inability to identify robust oligonucleotide primers that could be used under identical conditions. Multiple design algorithms have been proposed (7) (8) (9) (10) , but few of them have been validated experimentally. To address the primer design challenge, we developed the PrimerBank database, which contains tens of thousands of computationally designed as well as experimentally validated primers. The primers can be applied either to small-scale experiments focusing on a few genes, or to high-throughput qPCR for thousands of genes. To allow for an efficient high-throughput qPCR process, PrimerBank primers have been designed and validated to perform at an invariant annealing temperature of 60 C. The high annealing temperature helps reduce non-specific amplification. The PrimerBank resource and its experimentally validated 26 855 primer pairs covering most known mouse genes have previously been described (11) (12) (13) . The design of PrimerBank primers was founded in turn on an algorithm for the design of oligonucleotide probes for microarrays, with additional criteria that are specific to PCR (14) . All PCR primers were designed to work with sequence-independent fluorescence detection methods such as SYBR Green-based qPCR (15, 16) . Thus, the design of target sequence-specific fluorescent probes has not been required, leading to significant savings.
In this work, we describe an updated primer design process for PrimerBank that reflects the maturation of our understanding of the murine and human genomes and reflects further refinements in the design strategy for primer selection. Current genomic annotations from the National Center for Biotechnology Information (NCBI) databases were consolidated as a consequence of the update. A total of 91 502 and 98 854 new primers for humans and mice, respectively, were designed and included in the database. Users can access all stored information (primer sequences and annotations, primer validation data, as well as gene annotations) from the PrimerBank website (http://pga.mgh.harvard.edu/ primerbank/). The new primers cover most known human and mouse genes and have been selected from millions of primer candidates using an improved algorithm and current genomic information. Following this update, PrimerBank contains 497 156 primers, covering 94% of all known human and mouse protein-coding genes. All previously designed primers remain in the database, together with experimental validation data. Although several resources have been developed that contain collections of PCR primers for gene expression analysis, only a few thousand of the alternative primer pairs have been demonstrated experimentally (17, 18) . In addition, the primers have not been designed to work under the same temperature, so that parallel qPCR assays cannot be performed simultaneously. PrimerBank is designed to avoid these liabilities and has a strong predictive record reflected by its high resource utilization and high frequency of repeat users. PrimerBank is a BioDBcore compliant database (Supplementary Information).
UPDATE ON PRIMER DESIGN

Gene sequence selection
The workflow for the update process is presented in Figure 1 . In our previous design, protein-coding sequences were extracted from GenBank and redundant sequences were removed by an automated bioinformatics pipeline prior to primer selection (14) . The removal of sequence redundancy was necessary because each human or mouse gene was (and still is) typically represented by many sequences in GenBank. In the updated version, sequence redundancy has been removed by relying on the RefSeq database. In recent years, the NCBI RefSeq project has advanced to the point that RefSeq entries span nearly all the widely accepted human and mouse candidate genes (19) . One major goal of the RefSeq database has been to manually curate known gene sequences by organizing them according to genomic locus. From the transcripts found at each locus, representative sequences were selected to uniquely represent the genes. In this way, sequence redundancy has been greatly reduced and confidence in the sequence assignment has been greatly improved. The RefSeq database is now widely accessed to identify known genes, especially those derived from human and murine sources.
We have adopted RefSeq sequences as our template for the design of gene-specific PCR primers. The reliance on RefSeq only affects the internal primer design process, and has no effect on the user search interface at the PrimerBank website. In humans and mice, alternative splicing is a common phenomenon, leading to multiple distinct transcript isoforms for some genes. In the new design strategy, each primer pair was designed to cover all known isoforms from a given gene. As the first step, the shortest transcript from all isoforms for a gene was selected for primer design. The sequence of the selected transcript was scanned from the 5 0 -to 3 0 -end and sequence regions that were not present in all isoforms were excluded from further consideration. In this way, each primer pair was designed to quantify the expression of a gene by profiling all known isoforms.
Primer design process
With the template sequences available, the next step was to apply a stringent bioinformatic algorithm for primer selection. This new algorithm is similar to our previous algorithm (11) , with some modifications. The sequence template selection strategy is guided by RefSeq as described above. In addition, the workflow of the design algorithm has been significantly improved, leading to faster performance. In the updated algorithm, the PCR amplicon size has been set to default to a narrower range than in the initial algorithm (100-250 versus 100-350 bp initially). A relatively short amplicon size is important for PCR amplification efficiency, especially if the RNA quality is low (e.g. extracted from archived clinical samples). On the other hand, if the amplicon size is well below 100 bp, it would be a challenge to differentiate specific PCR products from potential non-specific primer dimers when using gel electrophoresis or PCR melting curves for the specificity check. Most selected primer pairs (99.5%) were designed to generate amplicons in the default size range. In cases in which the size requirement could not be satisfied, alternative ranges were adopted for primer selection (60-99 and 251-550 bp).
One important design consideration is the homogeneity of the PCR assays. All the primers have T m values in the range of 60-63 C as calculated by the nearest neighbor basepair stability method (20) . The narrow range of T m is helpful for homogeneous primer annealing, especially if multiple assays are to be performed in a single plate. In addition, the primer GC content is restricted to 35-65% to ensure uniform primer annealing. The design algorithm also avoids sequence regions with a high potential for secondary structure formation as site inaccessibility has been reported to lead to insufficient primer annealing (11) .
The success of qPCR is dependent on the assay specificity, since non-specific PCR amplification results in inaccurate template quantitation. In the design presented here, multiple bioinformatics filters were implemented to select primers with high specificity. To avoid non-specific annealing resulting from low template sequence complexity, the DUST program was used and sequences of low complexity were identified and rejected (21) . The 3 0 -end nucleotides of a primer contribute significantly to non-specific extension of primers, especially if the annealing of these nucleotides is favored (22) . The design algorithm evaluates the free energy (ÁG) for the annealing of the last five bases in a primer, and primer candidates with stable 3 0 -ends (less than À9 kcal/mol) were rejected. For SYBR Green-based qPCR (or other similar quantification methods), one particular challenge is the formation of primer dimers. Previous studies indicate that DNA polymerase extension can be greatly reduced by a single mismatch in the 3 0 -end of a primer (23, 24) . To pass the 3 0 -end criterion, the last four bases in a primer are not allowed to anneal perfectly to itself or to any of the candidate primers in a proposed pair. One important specificity filter is the rejection of primer candidates with a stretch of contiguous bases matched perfectly to other unintended transcript templates. The screening for contiguous base match was done using an efficient computational algorithm described previously (14) . To further search for potential primer cross-reactivity, BLAST search against all known sequences in the transcriptome was also performed to reject non-specific primers.
Primer design statistics
During the primer selection process, 99% of primer candidates were rejected for failing at least one screening filter. The distribution of rejected primer candidates for human genes is presented in Figure 2 . The design statistics for mouse primer selection are similar to those for human primers. The specificity filters collectively rejected 39% of all primer candidates. About 31% of the primer candidates were then rejected because they were out of the required T m range. Another major category of screening failures was generated by secondary structure (sequence complementarity) filters, which collectively rejected 24% of the primer candidates. In addition, other screening filters, such as the requirement to cover all gene isoforms, resulted in the elimination of a significant number of primer candidates.
Up to three new primer pairs were designed for each human and mouse gene. These new primers are designated as the version 'b' primers, and assigned PrimerBank IDs consisting of the numerical transcript ID followed by the suffix b1, b2 or b3 (see Figure 3 for an example). Among all the genes covered by the new 'b' primers, the vast majority (81%) have three primer pairs (Table 1) ; the rest have one or two 'b' primer pairs. In total, 190 356 new primers (including all 'b1', 'b2' and 'b3' primers) were designed and then imported into the PrimerBank database. Previously designed primers (version 'a' primers), from the previous version of the database, remain in the updated database with the PrimerBank IDs remain unchanged (each consisting of a numerical transcript ID followed by the suffix a1, a2 or a3). The statistics for all PrimerBank primers, including both newly designed ones and previous ones, are summarized in Table 2 . An analysis of current genomic annotations with respect to the primer pairs that had been experimentally validated previously is presented in Table 3 .
PRIMERBANK WEBSITE
The allowed database search criteria remain the same as previously, and include the following terms: GenBank accession number, NCBI protein accession number, NCBI gene ID, PrimerBank ID, NCBI gene symbol and gene description (keyword). In addition to the primer pair sequences and corresponding information, the cDNA and amplicon sequences have also been added. These can be Figure 3 . A screenshot to demonstrate the PrimerBank search result. GAPDH is used here as an example. viewed by clicking on the 'cDNA and amplicon sequence' link. A screenshot of a search result is presented in Figure 3 . All the newly designed PCR primers have been imported into PrimerBank and are accessible via the web search interface. In addition, previously designed version 'a' primers continue to be stored in the same database. Thousands of these previous primers have been experimentally validated (12) . The validation data are an important consideration for users deciding which primer pairs to use. In addition, an unknown number of previous primers have been used and referenced in what we estimate are hundreds of peer-reviewed publications. Thus the previous primers need to be retained to preserve links that may have been made by prior research efforts presented in the literature. Given that multiple versions of primers are stored in PrimerBank, we have developed the following strategy to prioritize the primer pairs for web presentation: (i) All newly designed 'b' primers for the selected genes (up to three primer pairs per gene) are presented; (ii) all experimentally validated version 'a' primers for the selected genes, along with the validation data, are presented; and (iii) in most cases, other non-validated version 'a' primers are not presented. However, an exception is made when only version 'a' primers are available to represent the gene. In addition, another exception is made when searching by PrimerBank ID whereby all version 'a' or 'b' primers can readily be retrieved. In this way, researchers retain the ability to obtain the information for any primer from any design version when desired.
DISCUSSION
Technological advances in transcriptome analysis via transcriptional microarrays or next-generation sequencing has led to a significantly greater demand for experimental validation of gene expression levels. To this end, real-time PCR (qPCR) is widely considered the gold standard for validation of high-throughput expression data. One major challenge for qPCR is the design of robust PCR primers with high efficiency, specificity and homogeneity when multiple assays are simultaneously performed. To meet these requirements, we have developed a robust bioinformatics process for primer design. The algorithm has been used to design tens of thousands of PCR primers to cover most known human and mouse genes, all of which are freely accessible via the PrimerBank website.
High-throughput qPCR using PrimerBank primers has several advantages. The primers work under the same conditions and thousands have been experimentally validated. The expression profiles of thousands of genes can be determined at the same time, making the primers useful for high-throughput nanoliter-scale qPCR platforms, such as OpenArray from Life Technologies and BioMark from Fluidigm, in which thousands of qPCR assays can be performed in parallel (25, 26) .
PrimerBank is currently the largest public database for the retrieval of PCR and qPCR primers. In addition, PrimerBank contains thousands of experimentally validated primers, comprising the largest collection of its kind in the public domain.
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